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Autonomic Dysfunction in Sleep Disorders: From
Neurobiological Basis to Potential Therapeutic Approaches
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INTRODUCTION

Sleep promotes neuronal connectivity and preserves the networks involved in a vast array
of biological functions. Since sleep plays a vital role in synaptic plasticity, alterations in sleep
patterns can attenuate emotion regulation, memory consolidation and retrieval, and even
autonomic activities."” Recent studies have found that 16.6% to 56.0% of the general pop-
ulation experiences sleep problems, and a sixfold increase in the prevalence of sleep prob-
lems has been observed over the past decade.”” Sleep problems include insomnia, breathing
disorders, central disorders of hypersomnolence, parasomnias, and movement disorders.
Sleep disorders contribute to an extensive range of diseases, from neuropsychiatric to neu-
rodegenerative diseases, and including autonomic impairments. Sleep-promoting neurons
are scattered in the vicinity of the central autonomic network, and their control of sleep
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nomic impairment, suggesting that autonomic factors modulate sleep physiology.

Tel +82-2-3290-5929 @ This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Com-
Fax +82-2-3290-3970 mercial License (https://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial
E-mail dongjookim@korea.ac kr use, distribution, and reproduction in any medium, provided the original work is properly cited.

140 Copyright © 2022 Korean Neurological Association


http://crossmark.crossref.org/dialog/?doi=10.3988/jcn.2022.18.2.140&domain=pdf&date_stamp=2022-02-25

The interconnection between sleep disorders and autonom-
ic dysfunction suggests that sleep and autonomic regulation
have a bidirectional relationship or shared pathology. Identi-
fying the causality of these conditions is significant for un-
derstanding the underlying mechanism and therefore could
also provide opportunities for optimizing clinical therapies.
Addressing the types of neuromodulation that result from au-
tonomic neuropathy may have positive effects on sleep com-
plications, and vice versa. In this review we describe the func-
tion and architecture of sleep and the ANS, and consider the
mechanisms underlying the interdependence between sleep
disorders and autonomic impairments in order to understand
the potential impacts of cross-therapeutic interventions.

SLEEP AND THE ANS

A dynamic shift in physiological processes occurs during sleep
that enhances synaptic plasticity, and thereby eventually con-
tributes to development, performance, energy conservation,
brain waste clearance, immune responses, emotion, cognition,
and other integrated activities.® These effects include signif-
icant changes in autonomic regulation, such as temperature
regulation, blood pressure, and heart-rate variability.” Since
the cell population and efferent signals are spatially adjacent
to those involved in sleep, the ANS coordinates bodily func-
tions in distinct ways during different stages of sleep.

Sleep comprises two distinct states: non-rapid-eye-move-
ment (NREM) sleep and rapid eye movement (REM) sleep.
NREM sleep is further divided into three different stages char-
acterized by the relative depth of sleep: N1, N2, and N3. REM
sleep has two states: tonic and phasic. While tonic REM sleep
is a unique phase accompanied by low muscle tone through-
out the body, sympathetically driven phasic REM sleep is inter-
mittently accompanied by rapid eye movements and cardiore-
spiratory fluctuations during the dream state. Parasympathetic
tone increases as sleep progresses from NREM N1 sleep to
the deeper stages, while sympathetic tone simultaneously de-
creases.'’ This change leads to reductions in heart rate, arte-
rial blood pressure, and peripheral vascular resistance, which
lessens the burden on the cardiac output and induces auto-
nomic stability."" The autonomic balance shifts from para-
sympathetic to sympathetic dominance when sleep enters the
REM stage, and the heart rate and blood pressure increase
abruptly.lo,lz,liﬁ

These changes in autonomic dominance during sleep sug-
gest that they have autonomic-related functions. The progres-
sive reduction in cardiovascular control during NREM-sleep
phases promotes regular respiration and gas exchange, which
aids metabolic recovery." Specifically, chemoreceptors in the
lateral medulla recognize minor fluctuations in O, and CO,
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levels and adjust the breathing rate and depth via neuroten-
sin pathways.' This observation suggests that NREM sleep
contributes to autonomic stability. Additionally, parasympa-
thetic activities during phasic REM sleep are accompanied
by cholinergic neuronal discharges in the pedunculopontine
tegmentum (PPT) and laterodorsal tegmentum (LDT) of the
cholinergic arousal pathway."’ Indeed, the PPT and LDT are
responsible for muscle atonia, including that of the upper air-
way muscles such as the genioglossus." This finding suggests
that REM-sleep-specific muscle recruitment is related to res-
piration and other autonomic regulation processes.

PHYSIOLOGY OF THE
BIDIRECTIONAL RELATIONSHIP
BETWEEN SLEEP AND AUTONOMIC
ACTIVITY

While autonomic observations during sleep and arousal dem-
onstrate a correlation between sleep architecture and auto-
nomic regulation, the mechanism underlying this relationship
remains unclear. Identifying the contributing elements re-
quires examinations of the neuroanatomy of these systems.
The cell populations involved in sleep and arousal are spatially
adjacent to autonomic cell populations in the upper brain-
stem."” Working in close proximity, the sleep-wake system
and ANS communicate with each other both chemically and
mechanically via efferent and afferent signals.

Hypothalamus and carotid baroreceptors
The sleep and wake systems promote a sleep status and wake-
fulness, respectively. The mutual inhibition of the sleep and
arousal circuitry leads to switching properties that produce a
sharp transition from sleep to wakefulness' (Fig. 1). Sleep-
inducing neurons are found in the ventrolateral preoptic nu-
cleus (VLPO) in the hypothalamic area. These neurons se-
crete inhibitory Y-aminobutyric acid (GABA) and inhibitory
neuropeptide galanin to produce drowsiness.'® Contrary to
the sleep state, the waking state begins with inhibition of the
VLPO. When neurons release the neuropeptide orexin, the
firing of VLPO neurons ceases since the VLPO does not con-
tain orexin receptors. This process indirectly reinforces difter-
ent arousal pathways, including the cholinergic pathway, mono-
aminergic pathway, and glutaminergic neurons" (Fig. 2).
Orexin is heavily involved in the ascending arousal path-
ways of the sleep-wake system. The related neurons are located
predominantly in the hypothalamus, which is a major regu-
lator of autonomic functions in addition to sleep and wake-
fulness. Areas of the hypothalamus are spatially organized
by their functions, and the lateral region participates in au-
tonomic regulation, including inflammatory and reward re-
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Fig. 1. Flip-flop switch model of sleep-wake regulation. Sleep and wakefulness are shown in the upper and lower panels, respectively. Red and
blue indicate inhibition and stabilization, respectively. VLPO, ventrolateral preoptic nucleus.

sponses.'”* The lateral hypothalamus contains autonomic
neurons that diffusely relay inputs to the nucleus of the soli-
tary tract (NTS) in the lateral medulla oblongata, which con-
tains not only efferent pathways from the hypothalamus but
also afferent pathways that involve various mechanorecep-
tors.”! The mechanoreceptors that carry afferent signals are
stretch receptors in the wall of the carotid sinuses called ca-
rotid baroreceptors. Whereas the hypothalamus contributes
to autonomic regulation in the sleep-wake system, barorecep-
tors affect sleep and arousal by relaying afferent signals. They
sense and regulate the systemic blood pressure and variabil-
ity therein, providing robust beat-to-beat negative feedback
to the blood pressure and its variability that reduces short-
term fluctuations in the arterial blood pressure.”> An increase
in blood pressure mechanically stretches the baroreceptors,
which enhances the glutamatergic afferent tone of the NTS.
This increases parasympathetic outflow to cardiac and vaso-
motor smooth muscles, and reduces sympathetic discharges.
Conversely, a decrease in afferent arterial discharge leads to
baroreceptor closure, leading to parasympathetic inhibition
and sympathetic activation. This triggers reflexive increases
in heart rate, cardiac contractility, vascular resistance, and
venous return.”

142 J Clin Neurol 2022;18(2):140-151

Autonomic commands regarding the set point and balance
of the baroreflex may promote differences in baroreflex sen-
sitivity as the sleep stages proceed (Fig. 3). Baroreflex modu-
lation permits simultaneous reductions in heart rate, blood
pressure, and peripheral muscle sympathetic nerve activity
during NREM sleep. The subsequent baroreflex intervention
rapidly increases heart rate, blood pressure, and sympathetic
activity, inducing the REM sleep stage. This baroreflex con-
trol is evident during intrinsic changes in the brain or in re-
sponse to external stimuli. Upon arousal, central autonomic
commands load baroreceptors to generate a rapid transition
in the plasticity of baroreflex dynamics from low sympathetic
activity to permissive tachycardia.”* This positive feedback
loop plays a crucial role in the pathophysiology of diseases
associated with alterations in the cardiovascular and sleep-
wake cycle, including obstructive sleep apnea (OSA) with
baroreflex impairment and insomnia associated with hyper-
tension.”* These disorders are discussed in detail in the next
section.

Norepinephrine
Norepinephrine is involved in the sleep-wake system and
changes in autonomic tone. Norepinephrine is secreted from
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Fig. 2. Cell populations involved in the sleep and arousal systems. The ventrolateral preoptic nucleus (VLPO), located in the hypothalamic area, re-
leases Y-aminobutyric acid (GABA) and galanin (Gal) to promote drowsiness. This field also innervates one-third of all arousal pathways. A: The
first arousal pathway is the cholinergic pathway, in which cholinergic cell populations located in the pedunculopontine tegmentum (PPT) and lat-
erodorsal tegmentum (LDT) of the pons provide most of the input to the reticular nuclei of the thalamus. Indeed, the paraventricular nucleus of
the thalamus, which originates from the reticular formation, is densely innervated by orexin (ORX) fibers."®"” B: The monoaminergic pathway inte-
grates inputs from monoaminergic cells, including noradrenaline (NA) from the locus coeruleus (LC), serotonin from the raphe nucleus (Raphe),
histamine (His) from the tuberomammillary nucleus (TMN), and the dopamine (DA) from periaqueductal gray (VPAG). The relay projects to the lat-
eral hypothalamus (LH) to coordinate a homeostatic response while also receiving ORX and melanin-concentrating hormone (MCH) from the LH
and basal forebrain (BF) neurons, which contain GABA and acetylcholine (ACh)." C: The third arousal system consists of glutaminergic neurons
and hypocretin neurons or ORX. Starting from the VLPO, these neurons extend to all monoaminergic populations from the second pathway to
stimulate the release of neurotransmitters." This contributes to the flip-flop switch model, which highlights the role of ORX in inhibiting the VLPO

and thereby relieving the inhibition of monoaminergic cells.”

postsynaptic nerve terminals of noradrenergic sympathetic
neurons in the locus coeruleus, and this alters sleep latency
and arousal regulation.” The firing rate of sympathetic neu-
rons is reduced firing rate during NREM sleep, and their con-
duction velocity is reduced during tonic REM sleep. During
phasic REM sleep, the firing rate increases along with an in-
crease in norepinephrine release or greater reuptake inhibi-
tion. These changes induce a dramatic surge in blood pres-
sure, which is a risk factor for patients with OSA." At the time
of arousal, neuronal discharge activity increases to contribute
to the maintenance of arousal levels associated with sponta-
neous waking.”’

In a highly divergent efferent projection system, the locus
coeruleus supplies norepinephrine for autonomic regulation.
Norepinephrine is a catecholamine whose signaling pathways
are activated during fight-or-flight responses. The hyperad-
renergic feedback from norepinephrine increases blood pres-
sure, cardiac output, and glucose levels, relaxes smooth mus-
cles, and induces metabolic changes to reinforce sympathetic
tone.*® While rapid norepinephrine responses allow the co-
ordination of cardiac and adrenal medullary functions, sus-
tained elevation of circulating norepinephrine can result in
pathological conditions such as heart failure and cardiac hy-
pertrophy, as well as various psychiatric and neurodegener-
ative disorders.”” Thus, norepinephrine levels should be close-

ly monitored when a patient exhibits both sleep disorders and
autonomic abnormalities.

PRIMARY SLEEP DISORDERS AND
AUTONOMIC DYSFUNCTION

The complex interdependence between the sleep-wake sys-
tem and autonomic regulation supports the presence of bi-
directional causality. With an understanding of the neuroana-
tomical mechanisms involved, addressing sleep disorders
associated with autonomic dysfunction may lead to improved
clinical treatments for both conditions. This section reviews
the evidence for bidirectional interactions between sleep dis-
orders and autonomic impairments, with a focus on the con-
tribution of primary sleep disorders to an increased risk of de-
veloping cardiovascular autonomic impairments such as OSA,
insomnia, narcolepsy, REM-sleep behavior disorder (RBD),
periodic leg movement disorder (PLMD), and restless legs
syndrome (RLS) (Fig. 4).

Obstructive sleep apnea

OSA is a common breathing disorder in which respiration
stops involuntarily for a brief period during sleep. OSA involves
frequent arousals and excessive daytime sleepiness (EDS), as
well as cardiovascular complexities. It has been estimated that
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5%—10% of the general population suffers from the disorder.”
Individuals affected by OSA undergo repeated complete
(apnea) or partial (hypopnea) airflow obstruction, which may

have significant autonomic consequences. During apnea, a pro-
longed increase in negative intrathoracic pressure caused by
inhaling against a partially closed glottis inhibits pulmonary
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renergic C1 neurons of the lateral medulla and the parabrachial nucleus of the pons mediate the bidirectional interactions between the baroreflex
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autonomic afferents, reduces baroreceptor sensitivity, and
eventually causes intermittent hypoxemia.” This results in
peripheral vasoconstriction along with hypoxia or hypercap-
nia.* Hypoxemia triggers a driving reflex, which is a protec-
tive mechanism that preserves the cardiac and cerebral blood
flows.” This progressive sympathetic dominance provokes
transient bradycardia, leading to the absence of systolic re-
duction during sleep, a phenomenon called nocturnal dip-
ping. However, a “nondipping” status (i.e., a reduced decrease
in blood pressure during sleep) significantly increases the risk
of cardiovascular and cerebrovascular mortality in patients.*
Another risk comes when breathing resumes after apnea, and
cardiac output increases during sleep.” Driven by a higher
level of systemic arterial pressure, tachycardia produces “re-
verse dipping” in which both sympathetic activity and cate-
cholamine levels increase. This adrenergic drive after abrupt
waking continues during the early morning hours, contribut-
ing to cardiovascular events including hypertension.”*” These
consecutive abnormal dipping patterns have an additive ef-
fect on systolic blood pressure,” and repeated episodes of ap-
nea may lead to a chronic elevation in the mean blood pres-
sure as well as a fourfold increase in the plasma renin activity.*®
Similarly, the intermittent hypoxemia caused by an increase
in the severity of OSA is sufficient to cause cardiovascular
morbidity.

Autonomic responses to impaired nocturnal dipping pat-
terns may be present in sleep-related breathing syndromes
other than OSA. Airflow restriction and oxygen desaturation
from apnea and hypopnea facilitate interactions between
parasympathetic and sympathetic activities, resulting in dif-
ferent values of autonomic indices.” In patients with upper
airway resistance syndrome (UARS), reduced airway diam-
eter manifests during NREM sleep, whereas a normal blood
pressure pattern begins with increased parasympathetic ac-
tivity. Restriction of the inspiration flow results in hyperacti-
vation of the parasympathetic nervous system, inducing ir-
regularities in blood pressure control.*” In contrast to UARS,
sleep-related alveolar hypoventilation does not involve sig-
nificant airflow restriction or oxygen saturation. Instead, it
reduces parasympathetic activity, which reduces the high-
frequency (HF) component (0.15-0.40 Hz) of the heart-rate
variability and increases its low-frequency (LF) component
(0.04-0.15 Hz).* This finding provides further evidence that
frequent arousals may serve as a potent trigger of sympathet-
ic activity as well as cardiovascular risk, and vice versa. This
further highlights the importance of understanding the bidi-
rectionality of sleep disorders and autonomic dysfunction.

Insomnia
Insomnia is a chronic dissatisfaction with sleep quality and
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duration, conventionally characterized by difficulty falling
asleep or early morning awakenings. Reportedly 6%-18% of
the general population is affected by insomnia.*

Insomnia is accompanied by an increased cardiovascular
risk. Nondipping status, hyperarousal, elevated blood pressure,
and reduced heart-rate variability are frequently observed.”
Moreover, the frequent arousals associated with sleep disor-
ders can lead to tachycardia or bradycardia, followed by in-
creased sympathetic and baroreceptor tone that may impair
the ANS.** Indeed, a cardiovascular study demonstrated
the connection between severe sleep deprivation and sympa-
thovagal imbalance. That study found that patients with a
sleep duration of less than 6 hours have elevated mean heart-
rate variability metrics and reduced parasympathetic activi-
ties compared with the normal population. Other studies have
also provided evidence of autonomic dysfunction in the form
of hyperarousal, which is the “tired but wired” condition that
prevents patients from falling asleep despite being exhausted.
Positron-emission tomography in insomnia patients has re-
vealed hypermetabolism in the hypothalamus and the rele-
vant efferent projections of arousal networks as well as exces-
sive cortical activity during sleep, which ultimately contribute
to hypertension.” Likewise, people with sleep deprivation may
develop an unusual sympathetic drive that increases their
susceptibility to autonomic complications.

Narcolepsy
Narcolepsy is a chronic sleep disorder that involves sudden
attacks of sleep and overwhelming daytime sleepiness, with
the immediate occurrence of REM sleep upon sleep onset.
Cataplexy (episodes of muscle weakness) occur in narcolepsy
type 1 but not type 2. The present study highlights narcolepsy
type 1, which has a prevalence of 14 per 100,000 people.*®
Narcolepsy originates from a complete or a partial deficien-
cy in orexinergic neurons in the lateral hypothalamus, which
project to the reticular activating system (RAS) that regulates
sleep and arousal. During sleep, RAS activity decreases, pro-
moting atonia and separating sleep from wakefulness. The RAS
suppresses GABA and releases dopamine, norepinephrine, se-
rotonin, and histamine, which inhibits REM sleep. However,
this mechanism is unable to achieve a stable transition between
sleep and wakefulness without a sufficient amount of orexin.*
As a result of abnormal sleep architecture, narcolepsy patients
are unlikely to exhibit slow tonic firing with either increased
sympathetic drive or parasympathetic withdrawal. They even-
tually develop a nondipping status and lose the ability to mod-
ulate their blood pressure. While the nondipping profile ob-
served in the 24-hour blood pressure pattern of narcolepsy
patients is not correlated with cerebrospinal fluid orexin lev-
els, it does explain elevated heart rates throughout all stages
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of sleep and a blunted heart rate response to awakening in
narcolepsy patients. In short, the loss of orexin disrupts
sleep and wake progression, contributing to increased car-
diovascular risk in patients with narcolepsy.

REM-sleep behavior disorder
RBD is a parasomnia characterized by skeletal muscle paral-
ysis and loss of protective muscle atonia during REM sleep.
Susceptible individuals appear to physically act out vivid dreams
by talking, yelling, thrashing about, or punching while asleep.
Although its prevalence is difficult to evaluate, approximately
1% of the general population is thought to be affected by RBD.™
RBD derives from a relatively small but ubiquitously ex-
pressed protein called a-synuclein (aSyn), which is capable
of progressively spreading and accumulating throughout the
nervous system. The concomitant deposition of misfolded
aSyn fuels the neurotoxic cycle and has a deleterious impact
on neurons that creates appropriate conditions for neuro-
degenerative comorbidities.”> Approximately 80% of idio-
pathic RBD patients eventually develop a-synucleinopathies
such as Parkinson’s disease, Lewy body dementia, or multi-
ple-system atrophy, as well as autonomic impairments.'**>*
a-Synucleinopathy also impairs both sleep and autonomic
tone. aSyn-mediated neurodegeneration of brainstem nuclei
leads to RBD and other sleep complications, whereas aSyn-
related neurodegeneration of the central and peripheral au-
tonomic areas causes autonomic failure. The prevalence of
such cases has led RBD and autonomic failure to be frequent-
ly regarded as prodromal markers of neurodegenerative dis-
orders.”>* Indeed, RBD is frequently comorbid with some
degree of autonomic impairment.'* A systematic assessment
of autonomic symptoms performed as part of a multicenter
case—control study found that gastrointestinal, urinary, and
cardiovascular deficits were greater in idiopathic RBD patients
than in controls.” Furthermore, attenuated heart-rate vari-
ability and abnormal blood-pressure decreases during active
standing and sudden arousals are common manifestations.””
While there is no single aSyn-related contributor to this cor-
relation, autonomic dysfunction is integrally linked to RBD
via several mechanisms. Degeneration of the pontine nuclei,
cholinergic REM-sleep nuclei, and autonomic nuclei and their
projections in the brainstem occur in RBD. Degeneration of
the pontine nuclei, which are involved in both REM-sleep
regulation and locomotion, induces abnormal REM sleep and
motor regulation.®” Meanwhile, degeneration of the cholin-
ergic REM-sleep nuclei and the autonomic nuclei also oc-
curs with the deposition of aSyn progressing from the lower
brainstem to the cortex.®>** While the shared pathogenesis of
neurodegeneration explains the bidirectionality between sleep
disorders and autonomic dysfunction in RBD patients, more
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investigations of these correlations are needed to fully under-
stand the diagnostic, prognostic, and therapeutic implications.®

PLMD and RLS
PLMD and RLS are sleep-related chronic sensorimotor dis-
orders. Whereas PLMD is a condition involving repetitive in-
voluntary leg movements during sleep that sometimes lead to
arousal, RLS patients experience unpleasant sensations and
pain in their legs that worsen while resting.* Most RLS pa-
tients complain of periodic leg movements, but RLS is a dis-
tinct clinical syndrome that affects an estimated 5%-10% of
the population.®

Both PLMD and RLS provide insights into the correlation
between pathological movements and autonomic profiles
with the presence of elevated sympathetic activity. However,
the correlation is complex since there is no consensus regard-
ing the pathophysiology underlying the effects of PLMD and
RLS on heart-rate variability."* A study found no differences
in heart-rate variability during periods without leg movements
or arousals between patients with PLMD and control subjects.
This implies that leg movements and arousal responses play
arole in cardiac dysregulation in patients with PLMD, which
is consistent with the increased responses of the heart rate and
arterial blood pressure to rapid bradycardia during the on-
set of PLMD. This also validates the theory that periodic leg
movements are due to reduced subcortical inhibition of pace-
maker cells in the brainstem that support the autonomic net-
work.* Another study found that the magnitude of cardiac
changes was larger during periodic leg movements with mi-
croarousals than during those without microarousals.*® The
cardiovascular response appeared to depend on the intensity
of central activation rather than on somatomotor changes.
A similar anomaly is observed in RLS patients: blood pres-
sure increases to satisfy the criteria for systolic prehyperten-
sion and mild sympathetic adrenergic impairment in RLS
patients, but this response is evident only at rest in a supine
position.” The dopamine dysfunction hypothesis states that
this condition is caused by restriction of dopaminergic inhibi-
tory drive disinhibiting the spinal somatosensory pathways,
thereby increasing sympathetic tone and cardiovascular ac-
tivity.®* While the pathophysiology of PLMD and RLS has yet
to be elucidated, the inconsistent findings may have multifac-
torial causes, including the intermittent arousals caused by
different degrees of leg movements.

NEUROMODULATION FOR SLEEP
THERAPEUTICS

Sleep disorders may affect autonomic functions, while auto-
nomic impairments alter the physiology of sleep. However, nei-



ther the diagnosis and prognosis of sleep disorders nor treat-
ments for sleep disorders have been systematically investigated
with a focus on this bidirectional interaction. Medicinal inter-
ventions are conventionally used to treat sleep disorders, with
the goal of helping patients fall asleep by increasing their GABA
levels. However, these medications abnormally modify the au-
tonomic tone, and their long-term use magnifies the decrease
in systolic blood pressure and increases the heart rate.” Cur-
rent methods of neuromodulation are effective for normal-
izing sleep patterns without the risk of addiction. Repetitive
transcranial magnetic stimulation reduces cortical hyperex-
citability and rebalances neurotransmitter release by activat-
ing the local neural network with alternating currents, where-
as LF (25 Hz) deep-brain stimulation of the PPT increases the
duration of REM sleep. However, these types of neuromod-
ulation fail to balance turbulent autonomic shifts associated
with impaired sleep physiology.”*”> Other noninvasive clin-
ical methods of brain stimulation for sleep disorders are cur-
rently being developed, with a focus on optimizing the most
appropriate neural target, stimulation protocols, and candidate
symptoms to treat.”> While the currently available approaches
that induce only restricted cross-therapeutic effects, this sec-
tion reviews the neurostimulation research in the fields of both
sleep medicine and autonomic modulation.

Vagus nerve stimulation

The vagus nerve is the longest of the cranial nerves originat-
ing from the brainstem, and it serves as an interface between
higher central nervous system (CNS) circuits and ANS cir-
cuitry. It provides an extensive afferent and efferent network
of innervation to the esophagus, bronchi, and heart. Vagus
nerve stimulation (VNS) was recently approved by the US
Food and Drug Administration for therapeutic use; it modu-
lates the CNS and peripheral organs, driving cardiorespira-
tory and gastrointestinal autonomic tone.” Although the in-
volved signaling pathways and the mechanisms of VNS are
not completely understood, VNS is a promising option for a
wide range of therapeutic interventions in the field of clinical
sleep medicine.

Transcutaneous auricular VNS (taVNS) has been report-
ed to improve the clinical symptoms of primary insomnia.
taVNS enhances sleep onset latency, sleep quality, and sleep
behaviors, and it also directly attenuates autonomic nerve im-
balance, including hypersensitivity to external stimuli and
negative mood.” taVNS currents trigger brain regions involved
in ascending sleep-related projections, including the locus coe-
ruleus, periaqueductal gray, hypothalamus, and thalamus. It
promotes the secretion of melatonin and GABA to induce a
sedative effect that facilitates the effortless transition to a sleep
state.”® VNS also reaches the cholinergic anti-inflammatory
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pathway, mediating cholinergic neuronal discharges in the PPT
and LDT. The resulting acetylcholine (ACh) release induces
the pharmacological blockade of acetylcholinesterase. This
elicits antinociceptive effects for pain management, thereby
directly improving sleep quality and behavior.””” The stim-
ulation additionally inhibits the areas of the brain associated
with sensitivity and emotion regulation. It blocks projections
to the visual cortex, which are hyperactivated in patients with
insomnia, while suppressing the amygdala and default mode
network and their altered intranetwork connections. Further-
more, taVNS significantly decreases the excitability of the hy-
pothalamic—pituitary—adrenal axis, a stress system involved
in chronic depression. This alleviates hypersensitivity to light
during sleep and the emotional circuits associated with insom-
nia.**® However, the performance of taVNS varies markedly
between individuals. One study found that 80% of insomnia
patients had elevated heart-rate variability with a significant
autonomic contribution, whereas another revealed that in-
somnia was alleviated in only 69% of these individuals.”***
This inconsistency might be due the differences in the sensi-
tivity of the vagus nerve to external stimulation, but this needs
to be confirmed to support the development of a standard
treatment and reduce medical costs.”

Chronic VNS (cVNS) has shown efficacy in alleviating the
symptoms of other sleep disorders, while selective VNS (sVNS)
adjusts cardiac and respiratory autonomic dysfunctions. cVNS
reduces both the occurrence of narcolepsy and the severity of
RLS. Stimulation attenuates BHT-920, a cataplexy-aggravat-
ing alpha-2 agonist, while enhancing anticonvulsive inhibi-
tory mechanisms. Unfortunately, this has only been investi-
gated in case studies of two genetically narcoleptic dogs and
an elderly female with RLS.*** Other positive results have
been restricted to preclinical studies in rats, which have not
been confirmed in human subjects. Although findings from
several human studies are available, these were performed
using a left cervical vagal cuff with the stimulation settings
being restricted by regulatory constraints.*® Regardless, the
described effects provide new possibilities for nonmedical
treatment across several domains. Additionally, sVNS lowers
the blood pressure and respiratory rates without major side ef-
fects. It activates baroreceptors in the carotid sinus through
bipolar stimulation, thereby adjusting baroreflex sensitivity.
Since the baroreflex is a multifactorial control system that is
affected by the combination of pulse amplitude, frequency, and
width values employed, its adjustment promotes a significant
reduction in the heart rate and respiratory rate.*” Although
the study that provided this evidence used a rat model, the
sVNS-induced steady decreases in heart and respiratory rates
suggest that this modality could be used as an alternate anti-
hypertensive treatment for therapy-resistant patients with hy-
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pertension and related autonomic impairments.

VNS therapy is not a panacea, since it may induce sleep dis-
orders or worsen preexisting sleep conditions. Moreover, in-
dividuals are more inclined to develop OSA and stridor dur-
ing VNS activation. Both central and peripheral mechanisms
are postulated as underlying OSA.” Intermittent stimulation
of the vagus nerve modifies central projections to the reticu-
lar formation and baroreceptors of the brainstem. An inabil-
ity of the body to overcome the inhibitory effect of stimula-
tion can lead to an increased respiratory rate and decreases
in the respiratory amplitude, tidal volume, and oxygen satu-
ration. These changes in respiratory patterns all decrease the
airflow as well as increase REM sleep in most patients, caus-
ing more frequent apnea and hypopnea episodes along with
diminished airflow.”****"

Stimulation of the vagus nerve also mediates peripheral pro-
jections to motor efferents. The peripheral shift alters neuro-
muscular transmission to the upper airway muscles of the phar-
ynx and the larynx, eventually narrowing and obstructing the
upper airway.” Reversible sleep-related stridor induced by
VNS has similarly been reported. A female without a preclini-
cal history of respiratory complications received VNS therapy
for refractory partial epilepsy and developed sleep-related stri-
dor during the course of parameter titration.”” While the un-
derlying mechanism has yet to be clarified, that report expands
the spectrum of breathing disorders associated with VNS ther-
apy. While VNS is a prospective neuromodulation technique
that has been investigated in a range of preclinical studies,
VNS-induced sleep-disordered breathing problems remain
an unsolved issue. A decrease in the VNS output current may
relieve breathing symptoms but may also exacerbate seizure
activity.” As long as this therapeutic dilemma persists, risk
factors for OSA and stridor need to be closely screened be-
fore applying VNS.

Carotid baroreceptor stimulation
The carotid sinus is an area of expansion of the internal carot-
id artery, and consists of baroreceptors that collectively regu-
late autonomic activity to maintain a constant blood pressure
during sleep. The baroreceptor reflex adjusts cardiac output
to meet the demands of the arterial blood pressure, inducing
parasympathetic and sympathetic activities across sleep stag-
es™ (a more detailed explanation of baroreceptors is provided
in Section 3-1). Given their cardiovascular homeostatic func-
tion, interventions involving the baroreceptor reflex may have
therapeutic potential in patients with sleep disorders via an
effect called the depressor response.”

Carotid baroreceptor stimulation (CBS) is a type of electric-
field stimulation applied to carotid baroreceptors in which the
intra-arterial blood pressure is monitored while altering the
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sympathetic tone to produce a cardiovascular homeostatic
balance.” This approach mediates sympathetic inhibition to
elicit the depressor response (i.e., an acute decrease in arterial
blood pressure).” CBS-induced alterations in baroreceptor af-
ferents may exert a bottom-up effect on the sleep-wake cycle,
since altered modulation of the sleep-wake system accounts
for the onset of autonomic complications.” In patients with
OSA, the ongoing occurrence of obstructive events during
sleep leads to permanent sympathetic overactivity, character-
ized by spontaneous sensitivity to baroreflex assessments.**'®
Selective impairment of the sympathetic response to changes
in the baroreflex in OSA patients has been found, but the re-
sults may depend on the methodology used to quantify baro-
reflex control of the heart rate.'" Furthermore, patients with
EDS exhibit reduced baroreceptor sensitivity and an increased
LF/HF power ratio, indicating elevated sympathetic activity
throughout various sleep stages.'” It has been speculated that
chronic sympathetic overactivation changes the afferent reg-
ulation of baroreflex NTS neurons in these patients, attenu-
ating the inhibitory effects on sympathoexcitatory neurons in
the lateral medulla.”” If CBS can induce the depressor response
to sympathetic overactivation in these patients, alleviation of
the cardiovascular risk can be expected. To date there has been
no clinical trial of CBS in patients with OSA or EDS. However,
the inhibition of hypertension and atrial fibrillation with a
low level of baroreceptor stimulation has been reported in a
pig model of sleep apnea, suggesting that CBS could be used
therapeutically to reduce the susceptibility to related diseases
in patients with OSA.'” Regardless, CBS remains a potential
therapeutic option for OSA and other sleep disorders that are
associated with cardiovascular dysregulation.

CONCLUSION

There is a bidirectional relationship between the sleep-wake
system and the ANS. Chronic disruptions throughout the dif-
ferent stages of sleep lead to dysregulation of autonomic func-
tions, while dysfunction in autonomic coordination impairs
the initiation and maintenance of sleep. This bidirectionality
may result in cross-therapeutic effects in various sleep disor-
ders, with their symptoms being complicated by sympathetic
drive and hyperarousal. Improving cardiovascular autonom-
ic homeostasis may prevent the development of significant
morbidity, especially in patients with OSA, insomnia, narco-
lepsy, RBD, PLMD, and RLS. Given these effects, it is hoped
that the present description of how neuromodulation is relat-
ed to both sleep and autonomic regulation will help clinicians
optimize care for patients with these conditions.
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